Isolation from the environment determines the extent to which charge is confined on an island, which manifests experimentally through Coulomb oscillations such as charge dispersion. We investigate the charge dispersion of a nanowire transmon hosting a quantum dot in the junction and observe rapid suppression of the charge dispersion consistent with the predicted scaling law incorporating diabatic transitions between Andreev bound states. We also find greatly improved qubit coherence times at the point of highest suppression, which suggest novel approaches for building charge-insensitive qubits.
Isolation from the environment determines the extent to which charge is confined on an island, which manifests experimentally through Coulomb oscillations such as charge dispersion. We investigate the charge dispersion of a nanowire transmon hosting a quantum dot in the junction and observe rapid suppression of the charge dispersion consistent with the predicted scaling law incorporating diabatic transitions between Andreev bound states. We also find greatly improved qubit coherence times at the point of highest suppression, which suggest novel approaches for building charge-insensitive qubits.
The manipulation of single charge carriers has been one of the most important advances in condensed matter physics, enabling a wide range of nanoelectronic technology in areas such as detection, thermometry, and metrology [1] [2] [3] [4] [5] . The control of single charge carriers is made possible by the quantization of charge on mesoscopic islands well-isolated from the environment. Charge quantization manifests itself as Coulomb oscillations: periodic dependence of the system's observables reflecting the energy cost of adding an additional charge to the system. An example is the charge dispersion of superconducting charge qubits where the transition frequencies oscillate as a function of charge induced by an external gate electrode. As the coupling strength to the environment increases, quantum fluctuations progressively delocalize the charge, suppressing Coulomb oscillations. Charge quantization in normal-state conductors has been well-studied both theoretically [6] [7] [8] [9] and experimentally [10] [11] [12] [13] [14] , where quantum fluctuations suppress Coulomb oscillations through single-electron tunneling.
In the case of superconducting islands, the coupling to the environment is instead mediated by coherent Cooper pair tunneling characterized by the Josephson energy E J . For tunnel junctions the size of the charge dispersion then depends on the interplay between the charging energy E c and E J , as illustrated by the Cooper pair box (E J /E c ≈ 1) [15] and the transmon (E J /E c 1) [16] . The Cooper pair box has large charge dispersion, whereas for the transmon charge dispersion is exponentially suppressed in the ratio E J /E c [16, 17] .
While the suppression in the E J /E c ratio is the ultimate limit for superconducting tunnel junctions, the charge dispersion is predicted to be suppressed through an additional mechanism in a superconducting ballistic single mode junction [18] . In this case, as the transparency of the junction approaches unity, Landau-Zener (LZ) dynamics suppress the energy cost of adding an extra charge to the island. In a perfectly transparent junction, both this energy cost and the associated charge dispersion are expected to completely vanish. While some suppression of Coulomb oscillations has been observed in weak links [19, 20] , the effect of LZ tunneling on charging effects has so far eluded experimental verification because of the stringent material requirements for realizing tunable ballistic Josephson junctions. However, recent advances in nanofabrication and nanowire growth [21] have enabled the development of superconductorsemiconductor-superconductor based junctions, hosting a small number of highly transmitting and voltagecontrolled modes [22, 23] . Recent results in such devices have detected a single mode with nearly perfect transmission, attributed to resonant tunneling through an accidental quantum dot in the weak link [24, 25] . Charge-sensitive devices hosting such quantum dots are thus ideal for the investigation of near-ballistic Josephson junction behaviour.
In this Letter, we experimentally investigate the charge dispersion of a superconducting island connected to a reservoir via a semiconducting weak link hosting a quantum dot. The device constitutes an offset-chargesensitive nanowire transmon, also known as a gatemon [26] [27] [28] [29] . By in-situ tuning of the transparency of the weak link using an electrostatic gate, we observe its charge dispersion decrease by almost two decades in frequency at a rate far exceeding exponential suppression in E J /E c . The observed gate dependence of the charge dispersion is modeled by tunneling through a resonant level, incorporating diabatic transitions between ABS. This leads to good agreement with the measured suppression of charge dispersion, suggesting near-unity junction transparency. Finally, we observe greatly improved qubit coherence times T * 2 and T echo 2 in regions of vanishing charge dispersion, which reflects the strong reduction in the charge sensitivity of the qubit.
The measured gatemon is shown in Fig. 1 . The details of the device and experimental setup are provided in Ref. [30] so we highlight only a few relevant features here. The device consists of a grounded gatemon based on an InAs nanowire covered on two facets with aluminum [21, 26, 27] . The Josephson junction (shown in Fig.1c ) is an Al-InAs-Al semiconducting weak link defined by chemically etching away ∼ 100 nm of the aluminum covering the nanowire. A quantum dot is formed in the junction due to band bending or disorder [31, 32] . The junction is shunted by the large island capacitance C s , which predominantly sets the charging energy E c ≈ 750 MHz. Electrostatic top gates tune both the transparency of the junction and the dimensionless offset charge n g = C g V g /2e on the floating island. The gatemon is capacitively coupled to a NbTiN λ/2 coplanar waveguide resonator [33] with a coupling g 01 /2π = 80 MHz in order to excite and readout the system using standard dispersive readout techniques [34] . We measure the dependence of qubit's ground to first excited state transition frequency on the offset charge on the island [f 01 (n g )] using two-tone spectroscopy as shown in Fig. 2a . Each measurement results in two sinusoidal curves shifted by half a period, belonging to qubit transitions for both even and odd island parity. Their simultaneous detection is the result of quasiparticle poisoning on timescales faster than the measurements [35, 36] . We define the qubit frequency f 01 as the point of charge degeneracy between even and odd island parity and the charge dispersion δf 01 as the maximal frequency difference between the two parity states, reflecting the maximal energy cost of charging the island with an additional electron. Figure 2a also demonstrates the behavior of {f 01 , δf 01 } at different V j close to full depletion of the junction. In the lowest panel, we observe f 01 = 3.539 GHz and δf 01 = 679 MHz at V j = 211.2 mV. As V j is increased, in the middle and top panel of Fig. 2a , we observe that f 01 increases to 4.629 GHz and that δf 01 decreases to 39 MHz. Figure 2b summarizes the dependence of f 01 and δf 01 as a function of V j . We observe that the qubit frequency exhibits a peaked structure, increasing by a factor of 1.35 before decreasing again. The rise in f 01 is accompanied by a strong decrease in δf 01 , suppressing by almost two orders of magnitude at the peak. This behaviour is consistent with the presence of a quantum dot in the junction, which has been linked to peaks in the critical current that coincide with transparencies close to unity [24, 25] .
Due to finite stray capacitance, the transparency of the junction can also be tuned using the island gate. As shown in Fig. 3a , we also observe suppression of the charge dispersion by tuning the island gate voltage V g with V j fixed at a value where the charge dispersion of the gatemon is already close to the qubit linewidth γ 01 ≈ 10 MHz [37]. We note that δf 01 can no longer be discerned below γ 01 since the two parity transitions start to overlap.
We can probe the suppression of Coulomb oscillations to below the limit set by γ 01 by measuring the charge dispersion of higher-order qubit transitions, which have a rapidly increasing charge dispersion δf 0n [16, 18] . We repeat the measurement for increased driving powers in order to excite higher order qubit transitions. As shown in Fig. 3b -c, the 0 → 2 and 0 → 3 multi-photon transitions indeed exhibit larger charge dispersion than the 0 → 1 transition. Even these larger charge dispersions vanish down to the linewidth γ 0n , indicating a particularly strong suppression of the energy cost of adding an extra charge to the island.
Beyond the remarkable suppression of the charge dispersion, we note that δf 01 does not depend monotonically on f 01 . The charge dispersion of the 0 → 1 tran- 
Island gate dependence of the charge dispersion. (a) Normalized two-tone spectroscopy measurement of the 0 → 1 transition over a range of Vg encompassing many periods in offset charge. The charge dispersion suppresses down to the linewidth and subsequently recovers, while the qubit frequency increases over the entire gate range. This results in a non-monotonic relationship between qubit frequency and charge dispersion. (b)-(c) Multi-photon transitions 0 → 2 and 0 → 3, excited with increased driving powers. The transitions follow the same trends as panel (a), exhibiting an increased charge dispersion that still suppresses down to the linewidth at its minimum. Powers listed are at the sample input. sition is suppressed down to the linewidth over several periods, while the qubit frequency slowly increases over the entire range of V g . Such a dependence cannot occur for superconducting tunnel junctions or a single mode superconducting quantum point contact (SQPC) [38] , where larger Josephson energies (as implied by larger qubit frequencies) always result in lower charge dispersions [16, 18] . This behavior is the result of the quantum dot in the junction, in which case the charge dispersion need not be a monotonic function of the qubit frequency, as we explain below.
We develop a quantitative understanding of the device using a simplified model of a quantum dot between two superconducting leads known as the resonant level model [39] [40] [41] [42] . As shown in Fig. 4a , we consider the presence of a single spin-degenerate level in the junction. The level has an energy 0 relative to the Fermi level, and is coupled to two identical superconductors with superconducting gap ∆ via the (spin-degenerate) tunnel rates Γ l and Γ r . Our simple model does not include the electronelectron interactions of the quantum dot. In this model the potential of the junction U (φ) is determined by the energies of a single pair of spin degenerate ABS (shown in Fig. 4b) , where φ is the phase difference between the two superconducting leads. Their energies have to be calculated numerically for general parameter values but can be expressed analytically in certain limits [41, 42] :
where Γ = Γ l + Γ r . Here the ABS take on the same functional form as for an SQPC [43] but with an effective superconducting gap ∆ < ∆. The form of the effective junction transparency D also explicitly reflects a Breit-Wigner type resonant tunneling process, maximized for equal tunnel rates (δΓ = |Γ l − Γ r | = 0) and particle-hole symmetry ( 0 = 0). We now discuss the expected behavior of charge dispersion within this model. Under the typical assumptions of low to moderate values of D and ∆ E c , k B T , only the ground state of the junction is occupied so that charge transfer occurs through E − . In this regime, charge dispersions is exponentially suppressed in ∆ D/E c , comparable to the case of tunnel junctions and governed by tunneling of the phase through the potential barrier of E − [16, 17] . As D → 1, however, the energy gap between the ABS vanishes, making LZ tunneling effects important even though the phase is not externally driven. The probability p of LZ-tunneling into the upper ABS branch affects quantum phase slip events by suppressing 2π-tunneling in favor of 4π-tunneling. This effect is referred to as "imaginary-time LZ tunneling" [18, 44] , depicted by the arrows in Fig. 4b . Consequently the charge dispersion is suppressed with an extra factor 1 − ∆ as the size of the potential barrier is effectively increased [18, 45] . When D = 1 the charge dispersion eventually saturates to a small value set by tunneling through a 4π-wide potential barrier given by ∆ cos φ/2.
Based on the discussion above, we fit the measured dependence of {f 0n , δf 0n } using three possible junction models based on: a sinusoidal potential, a potential considering only occupation of the E − ABS branch of the resonant level model, and a potential including LZ tunneling between the ABS. The numerical details of the procedure are described in the supplementary information [46] . In Fig. 4c , we plot the measured data for the dependence of δf 01 on f 01 while V j is changed. We assume here that V j tunes only 0 while Γ l = Γ r are held constant. Furthermore, we fix ∆ = 53 GHz based on DC transport experiments on similar nanowires [32] . The model based on a sinusoidal potential, which describes a tunnel junction with many low-transmission channels, is completely inconsistent with our data. Including only the presence of E − results in a fit that matches the initial steady decrease in δf 01 but is unable to capture the rapid suppression of the charge dispersion at the peak in qubit frequency. The model including LZ tunneling between the ABS accurately describes the full range of data, requiring transparencies close to unity [46] . We find that Γ = 23 GHz, which gives an effective gap ∆ = 16 GHz at the point of maximal suppression. The data and fit clearly demonstrate reaching the diabatic regime of imaginary-time LZ tunneling.
We additionally use the model including LZ tunneling to fit the V g dependence of {f 0n , δf 0n } in Fig. 4d . Based on the position of the island gate to the left of the junction as well as screening by the junction gate, we assume that V g tunes only Γ l with all of the other parameters held constant. The resulting fit reproduces the characteristic shape of the data, showing strong suppression when δΓ = 0 and reproducing the non-monotonic relationship between qubit frequency and dispersion. The measurements also show that the anharmonicity α = f 12 − f 01 remains finite for all D, essential for operation as a qubit. We note that while the fit is excellent for the 0 → 1 transition, it requires a significantly lower superconducting gap ∆ = 18.6 GHz. Additionally, the predicted qubit anharmonicities are much lower than the measured anharmonicities while the shapes of the curves remain accurate. This systematic deviation indicates that the underlying junction potential might be shallower than captured by our model. We speculate that these discrepancies could be due to omitting the electron-electron interactions of the quantum dot, which has previously been found to suppress the critical current and alter the energy-phase dependence of the ABS [25, [47] [48] [49] .
Finally, we investigate the qubit's relaxation and coherence times in the presence and absence of resonant tunneling. Shown in Fig. 5 , we compare two cases: strong LZ tunneling with vanishing charge dis-persion, and essentially adiabatic behaviour with δf 01 ≈ 200 MHz. We leverage the non-monotonic {f 01 , δf 01 } dependence encoded by V g to make this comparison at nominally equal transition frequency in the same device. We find that the suppression leads to a moderately enhanced T 1 . However, we do not expect charging effects to have a large effect on T 1 since the measurements are performed at n g = 0.5 where relaxation processes should be mostly charge-insensitive. We find, however, that both T * 2 and T echo 2 improve considerably for the case of vanishing charge dispersion, reflecting the drastic reduction in sensitivity to charge noise. This is similar to the situation in conventional transmon qubits, where the exponential suppression of charge dispersion in E J /E c is also accompanied by a strong increase in coherence times [16] . However, in order to achieve the same level of δf 01 suppression in a conventional transmon for the E c of this device one would require E J /E c ≥ 30 , whereas we are operating at an effective E J /E c ≈ 5. Even in the limit of full suppression, however, both relaxation and coherence times are short compared to results achieved in other gatemons [50] . We attribute these lower coherence times to ineffective radiation shielding and the quality of dielectrics used, which can be improved in future devices.
In summary, we measure the suppression of charge dispersion in a highly transparent offset-charge-sensitive gatemon. We develop a model of tunneling through a resonant level in the junction that agrees with the dependence of the charge dispersion on both gates and indicates that, through tuning the parameters of our resonant level properly, we reach near-unity transparencies in our device. Furthermore, the observed rate of suppression of the charge dispersion obeys the scaling law dictated by LZ tunneling between ABS. Finally we demonstrate that the suppression greatly improves the qubit's coherence, reflecting the strong decrease in charge sensitivity. Independent research paralleling our own reports similar spectroscopic measurements on a full-shell gatemon with a DC transport lead [51] . Transmons based on superconductor/quantum dot/superconductor junctions have the potential to be a scalable qubit platform. The guaranteed vanishing of charge sensitivity for D → 1 while the anharmonicity remains finite places much less stringent requirements on E J /E c compared to other transmon implementations, allowing for faster qubit manipulation and strongly reducing the qubit's physical footprint. Its semiconducting nature furthermore offers the technological advantages of bottom-up fabrication, full voltage control, and integration into hybrid architectures [52] [53] [54] . Finally, the natural magnetic field compatibility of S-QD-S transmons sets the stage for detecting and manipulating Majorana zero modes [44, 55, 56] .
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At each gate setting we measure the qubit transition frequency over at least one period in offset charge n g . From this we extract the qubit frequency f 0n and charge dispersion δf 0n by applying a peak-finding algorithm to the raw two-tone spectroscopy data. The algorithm first smooths the data in frequency axis in order to combat noise, after which peaks are identified and fit with Lorentzian lineshapes in order to obtain their center frequency. For the gate voltage ranges in which two peaks are identified we take δf 0n to be the local maximum in peak separation. Conversely, f 0n is obtained from the regions where only a single peak is identified. In the regions of parameter space where δf 0n is smaller than the qubit linewidth γ 0n such that only a single peak can be discerned for any n g (open markers in Fig. 4 of the main text), we take the center frequency to be f 0n and use the extracted linewidth of the Lorentzian lineshape as an upper bound for δf 0n .
II. MODELLING OF THE QUBIT
In order to model the measured data we study the Hamiltonian of a capacitively shunted junction given bŷ
where U (φ) is the junction potential, E c is the charging energy,n is the number of Cooper pairs that have traversed the junction, n g is a dimensionless offset charge andφ is the phase difference between the superconductors on either side of the junction. We obtain the qubit energy levels E n (n g ) and the corresponding qubit transitions f ij (n g ) = E j (n g ) − E i (n g ) through numerical diagonalization of the Hamiltonian, from which f 0n and δf 0n are calculated by evaluating the transitions at the appropriate offset charges. We perform this procedure for three possible models for the junction potential: a sinusoidal potential as encountered in tunnel junctions, a potential considering only occupation of the E − ABS branch of the resonant level model, and a potential including LZ tunneling between the ABS of the resonant level model. In the case of the sinusoidal model we take U (φ) = −E J cosφ, where we define an effective E J ≡ ∆ D/4 in order to compare the models on equal footing.
For the model including only the E − (φ) ABS branch we use U (φ) = − ∆ 1 − D sin 2φ /2, while in order to include LZ transitions between the E ± (φ) branches we follow the work of Ivanov and Feigel'man [? ] and approximate the many-body superconducting system by an effective two-level system. This results in a junction potential given by
In the above ∆ and D are effective parameters resulting from the underlying quantum dot parameters discussed in section III. The results of this procedure are demonstrated in Fig. 1 , which shows how f 01 and δf 01 depend on D for the three models. The sinusoidal model reproduces the expected results of the conventional tunnel junction transmon, exhibiting exponential suppression of δf 01 for large values of D and thus E J /E c . The E − (φ) model exhibits similar behaviour up to moderate values of D, after which an enhanced suppression of δf 01 takes place due to the increased height of the potential compared to the sinusoidal model. Finally, the model including LZ tunneling shows comparable behaviour to E − (φ) up to large values of D, after which a much more rapid decrease in charge dispersion takes place. This reproduces the scaling law predicted for ballistic Josephson junctions [1] . We note that the cross-over value of D between the adiabatic regime well-described by only E − and the diabatic regime including LZ tunneling is approximately given by D = 1 − E c / ∆, where the rate of phase evolution becomes comparable to the energy gap between the ABS [2] .
III. RESONANT LEVEL MODEL
In order to develop a quantitative understanding of our device we study a simplified model of a quantum dot between two superconducting leads known as the resonant level model [3] . Depicted in Fig. 4a of the main text, it considers the presence of a single spin-degenerate level in the junction with an energy 0 relative to the Fermi level, coupled to two identical superconductors with superconducting gap ∆ via the spin-degenerate tunnel rates Γ l and Γ r . Its discrete energy spectrum follows from the solutions ∈ (0, ∆) of the equation
where Γ = Γ l + Γ r . This equation can be solved numerically for general parameter values, resulting in a single pair of spin degenerate ABS E ± (φ). Furthermore, in certain limits its solution can be recovered analytically (given in Eq. 1 of the main text), which coincides with the eigenvalues of Eq. 2. However, we found these limits too constraining for the model to accurately describe our data. We therefore construct an approximate solution to Eq. 3 based on the ABS energies E ± (φ) and transparency D given by Eq. 1 of the main text, whereas for ∆ we do not use the limiting values but instead solve Eq. 3 for the bound state energy at φ = 0. Shown in Fig. 2 , we tested the validity of this approximation for a wide range of parameters by explicit comparison to the solutions of Eq. 3. The effective spectrum closely resembles the exact solutions over a wide range of parameters, with relative errors on the order of a few percent even in the regime Γ ≈ ∆. We therefore argue that the effective model of Eq. 2 should accurately describe the phenomenology of the resonant level junction. A more detailed description of the model and its derivation can be found in [4] .
Having constructed the effective parameters D and ∆, we now show how the LZ model introduced in section II behaves as a function of the underlying quantum dot parameters. We do this for the parameter values that resulted in the best fits to the measured data, shown in Fig. 4 of the main text. In Fig. 3 we study the effect of varying 0 at Γ l = Γ r . It results in a weak dependence of ∆, which is minimal when 0 = 0. This coincides coincides with a maximum in D, as given by Eq. 1 of the main text. Shown in panel b this translates into a qubit frequency that is maximal at 0 = 0, coinciding with a minimum in charge dispersion. Panels c and d in turn show the dependence on Γ l at fixed Γ r with 0 = 0. We find that ∆ is a monotonically increasing function of Γ l , whereas D is maximal when the asymmetry δΓ = |Γ l − Γ r | is minimized. Panel d shows that the relative rapidity at which ∆ and D change around δΓ = 0 can result in a situation where the maximal qubit frequency does not coincide with minimal charge dispersion. We believe this effect to be the origin of the non-monotonic dependence between the qubit frequency and the charge dispersion seen in figures 3 and 4d of the main text.
IV. FITTING ROUTINE
We fit the measured relationships between {f 0n , δf 0n } using the models developed in section II. For the data measured as a function of V j , shown in Fig. 4c of the main text, we assume that only 0 is varied. The remaining remaining parameters ∆, E c , Γ l , and Γ r are taken to be independent. Additionally, we fix ∆ = 53 GHz based on DC transport experiments on similar nanowires [5] and we assume that Γ l = Γ r . We then apply a fitting routine in which for each set of parameter values a range of { ∆, D} is generated from the effective resonant level ABS potential for a large range of 0 . These effective parameters are then used in the three different junction potentials of section II, resulting in a set of calculated values for {f 01 , δf 01 } that can be compared to the measured values. The best fit to the data for each model is obtained through the standard method of least-squares. For the extracted relationships between {f 0n , δf 0n } as a function of V g , shown in Fig. 4d of the main text, this procedure is slightly modified. We now assume that only Γ l is a function of V g , with ∆, E c , 0 , and Γ r taken to be independent. For simplicity we fix 0 = 0. We note that, in order to obtain a good fit for the data versus V g , ∆ needed to enter as a free parameter. In addition, a good fit could not be found simultaneously for all three measured transitions with a single set of parameters. Instead we only fit the {f 01 , δf 01 } data to the model, resulting in a qualitatively satisfying fit for the 01 transition. However, the fit suggests a value of superconducting gap ∆ = 18.6 GHz, much smaller than the value measured in DC experiments [5] . Moreover, the fit does not manage to capture the position of the higher order transitions. As discussed in the main text, we attribute this parameter discrepancy as well as the inability to fit all three transitions to possible modifications in the shape of the potential originating from the lack of electron-electron interactions in the model.
V. ESTIMATING TRANSPARENCIES
An estimate for the transparencies D realized the in the experiment can be obtained from the fits to the data. As illustrated in Fig. 3 , each numerically calculated value of δf 0n corresponds to a value of D, and one can therefore infer the values of D by matching the measured values of δf 0n to the numerical values. We emphasize that these values are model and parameter dependent, and are therefore only an estimate. Shown in Fig. 4a , we find that by varying V j transparencies between 0.5 and 1 are attained, with the largest transparency based on a distinguishable charge dispersion (filled markers) being 0.998 and the largest value based on the qubit linewidth γ 01 (open markers) being 0.9996. Finally in panel b we show the asymptotic probability p of the ABS remaining in the ground state as calculated from the extracted D and ∆ [1] . This illustrates that the suppression of charge dispersion coincides with the vanishing of p. Furthermore, it shows that sizeable LZ probabilities are obtained over a wide range of the measured values, robust to small changes in fit parameters. We do not repeat this procedure for the data obtained by varying V g , given the unsatisfactory fit to the data. * a.bargerbos@tudelft.nl 
